Introduction
============

Piscine orthoreovirus (PRV) is the causative agent of heart and skeletal muscle inflammation (HSMI), an important emerging disease in farmed Atlantic salmon (*Salmo salar* L*.*) \[[@B1],[@B2]\]. HSMI is characterized by epi-, endo- and myocarditis, with infiltration of mononuclear CD8 positive cells, as well as myositis in red skeletal muscle \[[@B3],[@B4]\]. The mechanism by which PRV infection causes disease remains largely unknown. PRV has a segmented, double-stranded RNA (dsRNA) genome and belongs to the *Reoviridae* family \[[@B2]\]. Other fish reoviruses are grouped in the genus *Aquareovirus*, but phylogenetic analysis indicates that PRV branches off the common root of the genera *Orthoreovirus* and *Aquareovirus,* although it clusters more closely with the orthoreoviruses \[[@B5],[@B6]\]. PRV has 10 genomic segments, as do the orthoreoviruses, but the overall amino acid identity between the homologous proteins is very low, particularly for the surface-exposed and non-structural proteins. However, several amino acid motifs central to protein function are conserved for orthoreoviruses and PRV \[[@B6]\]. Unlike most orthoreoviruses, but similar to the mammalian orthoreoviruses (MRV), PRV is non-fusogenic \[[@B5]\]. This unique taxonomic placement of a fish virus within the *Reoviridae* family makes PRV particularly interesting. One genogroup and two sub-groups have been suggested after genomic analysis of PRV, but no specific sequence motifs have been found to be correlated with virulence \[[@B7],[@B8]\]. The lack of an in-vitro cultivation system has restricted the progress of the study of PRV.

PRV is ubiquitous in farmed Atlantic salmon. Although high loads of PRV in the heart are a consistent finding in HSMI outbreaks, the virus can be detected at low levels in fish throughout the production cycle \[[@B8],[@B9]\]. PRV has also been detected in farmed Atlantic salmon in Canada and Chile, farmed steelhead trout (*Oncorhynchus mykiss*), wild chum salmon (*O. keta*) and cutthrout trout (*O. clarkii*) in Canada \[[@B7]\] and in wild Atlantic salmon and brown trout (*Salmo trutta* L.) in Norway \[[@B10]\]. MRV infections are also ubiquitous in mammals. Although natural infections are generally considered benign, MRV Type 3 Dearing (T3D) has been used to induce myocarditis experimentally in mice \[[@B11]\]. Avian orthoreovirus (ARV) infections in chicken and turkey are associated with several disease conditions \[[@B12]-[@B14]\]. In both poultry and aquaculture farming, large numbers of animals are kept confined at high densities. These conditions may be stressful and cause depression of immune responses, while simultaneously facilitating transmission of infectious agents.

HSMI was first described in Norway in 1999 \[[@B1]\]. Since then the number of outbreaks has increased and in 2012 there were 142 registered outbreaks \[[@B15]\]. The disease has also been reported in Scotland \[[@B16]\]. HSMI is mainly observed during the seawater grow-out phase of the fish, with morbidity close to 100% in affected cages, while cumulative mortality varies from negligible to 20% \[[@B17]\]. Typical gross pathologic changes in affected fish include signs of circulatory disturbance; pale heart, ascites, yellow liver, swollen spleen and petechiae in perivascular fat.

Diagnosis of HSMI is currently based on typical histopathological findings in heart and red skeletal muscle \[[@B3],[@B4]\]. Both the viral load in the heart, as measured by reverse transcription quantitative PCR (RT-qPCR) \[[@B4]\], and the presence of viral proteins in cardiomyocytes, as demonstrated by immunohistochemistry \[[@B18]\], correlate with the development of heart lesions, and indicate that PRV replicates in heart tissue. However, relatively high PRV loads have been detected in both farmed and wild salmon without presence of histopathological changes \[[@B8],[@B10]\].

PRV has been detected in the spleen and head kidney at higher loads than those of the heart \[[@B19]\], and inoculates originating from heart, liver, kidney/spleen and blood plasma from diseased fish have been used to reproduce disease \[[@B20]\]. The pathogenesis of PRV infection in salmon is largely unknown and possible consequences of PRV infection not related to HSMI should be further investigated. Interestingly, when immunohistochemistry was performed on heart sections from experimentally PRV-challenged fish, circulating cells were found to be PRV positive prior to detection of PRV in cardiomyocytes \[[@B18]\]. The PRV-positive blood cells were located in the cardiac lumen and in blood vessels and included both erythrocytes and leukocyte-like cells. Unfortunately, the available material of that experiment was not suitable for further characterization of these cells. The presence of viremia in PRV infection has not been studied.

A previous study of field material from four separate HSMI outbreaks reported several different virus like particles (VLP) by electron microscopy (EM) in erythrocytes, and also in macrophages in the head kidney. However, no known virus species have been linked to these findings \[[@B21]\]. One of these VLPs had similar morphology to those detected in erythrocytes of many species of salmonid fish; collectively called erythrocytic inclusion body syndrome (EIBS) \[[@B22]-[@B26]\]. No specific virus has been characterized from the EIBS-inclusions and whether one or several viral species are involved has not been documented.

PRV encodes a homologous protein of the MRV outer-fiber protein (σ1) that is present in most members of genus *Orthoreovirus* and is known to be the cell attachment protein \[[@B5],[@B6]\]*.* MRV bind erythrocytes by the σ1 protein \[[@B27]-[@B30]\], and amino acid residues central for this binding are partly conserved in the PRV σ1 protein \[[@B5],[@B6]\]. In contrast to mammalian erythrocytes, piscine red blood cells (RBC) are nucleated and thus have the potential to support viral replication \[[@B31]\].

We hypothesized that there is a cell-associated viremia in PRV infection that is of importance for the pathogenesis. In two consecutive PRV challenge experiments based on cohabitant transfer of virus, we assessed viral loads in blood, plasma and erythrocytes in the different phases of infection.

Materials and methods
=====================

Experimental fish and rearing conditions
----------------------------------------

Two consecutive PRV challenge experiments were conducted at VESO Vikan aquatic research facility, Vikan, Norway. Both trials were performed by cohabitation challenge, using unvaccinated, seawater-adapted Atlantic salmon that were confirmed free of known salmon pathogens. The fish were kept in tanks supplied with filtered and UV-radiated 30.5-34.6% salinity seawater, 12 °C ± 0.54 °C and with a 24 h light/0 h dark regime. The fish were acclimatized for 2 weeks prior to challenge, fed according to standard procedures and anesthetized by bath immersion (2--5 min) in benzocaine chloride (0.5 g/10 L water) (Apotekproduksjon AS; Oslo, Norway) before handling. Fish were killed using concentrated benzocaine chloride (1 g/5 L water) for 5 min. Control samples from 6 fish were collected before initiation of the experiments. The experiments were approved by the Norwegian Animal Research Authority.

Challenge experiment \# 1
-------------------------

50 shedders and 50 cohabitants with an initial average weight of 48 g were used. The inoculum originated from a field outbreak of HSMI as determined by histopathological examination and RT-qPCR that showed high loads of PRV. Four fish from the outbreak, with a mean Ct-value 25.6 for PRV in the heart, were used. The fish were confirmed free of infectious salmon anemia virus (ISAV), salmonid alphavirus (SAV), piscine myocarditis virus (PMCV) and infectious pancreatic necrosis virus (IPNV) by RT-qPCR. The PRV inoculum was prepared by homogenization of the heart, spleen and head kidney. The latter two organs are known to contain higher PRV load than the heart \[[@B19]\].

The shedder fish were injected intraperitoneally with 0.1 mL inoculum, labeled by shortening the outer left maxilla, and placed in a tank containing 50 naïve fish (cohabitants). The samples from challenge \# 1 were collected from the cohabitant group; sampling six fish every second week starting at 6 weeks post challenge (wpc) and ending at 14 wpc. In addition, 3 cohabitant fish were sampled at 4 wpc to test for transmission of PRV. At each sampling, peripheral blood from the caudal vein was collected into heparinized vacutainers, and tissue from heart, skeletal muscle, spleen and head kidney were sampled in RNAlater (Life Technologies, Carlsbad, CA, USA) and used for RT-qPCR analysis. Parallel samples from the same organs were harvested in 10% phosphate-buffer formalin, embedded in paraffin, and used for histologic analysis.

At 9 wpc, blood from 15 cohabitant fish was sampled, pooled and centrifuged. After removing the plasma, the blood pellet was diluted 1:4 in phosphate-buffered saline (PBS) and stored at -80 °C. The Ct-value of the diluted blood pellet was confirmed to contain high loads of PRV by RT-qPCR (Ct-value 19.9) and was used as challenge material in Challenge Experiment \# 2. It was also confirmed free of other important viral pathogens of salmon, including ISAV, IPNV, SAV and PMCV.

Challenge experiment \# 2
-------------------------

60 shedders and 60 cohabitants with an initial average weight of 90 g were used. The blood pellet prepared in Challenge Experiment \# 1 was thawed, diluted 1:3 in PBS, and used as challenge material. Inoculation and labeling of the shedders were performed as in Challenge Experiment \# 1. The samples from challenge \# 2 were collected from the cohabitant group; six fish were sampled weekly from 2 wpc until 8 wpc. Blood, heart and spleen tissues were sampled as described in Challenge Experiment \# 1. Samples for RT-qPCR were taken from heparinized blood as well as the plasma fraction collected after centrifugation at 1000 × *g* for 5 min. The remaining blood was used for isolation of RBC, which were subsequently analyzed by RT-qPCR, flow cytometry, fluorescence and confocal microscopy, and transmission electron microscopy (TEM).

Isolation of red blood cells
----------------------------

RBC were isolated from the heparinized blood collected from the cohabitant group in Challenge Experiment \# 2 by using a previously described Percoll gradient with minor modifications \[[@B32]\]. In short, blood was diluted 1:10 in distilled PBS (dPBS) and a discontinuous Percoll gradient (GE Healthcare, Uppsala, Sweden) was prepared using 1.07 g/mL (49%) and 1.05 g/mL (34%). The diluted blood was layered onto the gradient and centrifuged at 2000 × *g* for 20 min at 4 °C. The RBC were collected from the bottom of the gradient; however a variable amount of erythrocytes was present at the 34%-49% interface. In order to collect the remaining erythrocytes, the interface was re-layered onto a fresh 34%-49% gradient and centrifuged at 500 × *g* for 10 min at 4 °C. The RBC from the bottom of the gradient were collected, pooled with the erythrocytes from the first gradient, and washed twice in PBS. The cells were counted using Countess (Invitrogen, Eugene, Oregon, USA) and resuspended in PBS to a final concentration of 5 × 10^6^ cells/mL. Smears of the isolated RBC stained with Diff-Quik (Dade Behring, Newark, USA) confirmed that the isolated cells were erythrocytes.

RNA isolation
-------------

Total RNA was isolated from 25 mg of tissue stored in RNAlater by homogenization in QIAzol Lysis Reagent (Qiagen, Hilden, Germany) using 5 mm steel beads and TissueLyser II (Qiagen) for 2 × 5 min at 25 Hz. After addition of chloroform and centrifugation, the aqueous phase was collected and mixed with one volume of 70% ethanol before continuing with the RNeasy Mini spin column (Qiagen) as described by the manufacturer. The homogenization and RNA extraction method described above was also used for isolation of total RNA from the heparinized blood samples and isolated RBC using 10 μL blood and 1 × 10^7^ RBC, respectively. For the plasma samples, a combination of Trizol LS (Invitrogen) and RNeasy Mini spin column was used. Briefly, 50 μL plasma was mixed and incubated with Trizol LS before adding chloroform, separating the phases by centrifugation, and then proceeding with the RNeasy Mini spin column as recommended by the manufacturer. The RNA isolated from 50 μL plasma was eluted in 50 μL RNase-free water. RNA was quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).

RT-qPCR
-------

The Qiagen OneStep kit (Qiagen) was used for RT-qPCR. A standard input of 100 ng (5 uL of 20 ng/uL) from the isolated total RNA was used in each reaction in order to compare the amount of PRV in tissue, blood and RBC samples. From the cell free plasma samples 5 μL purified RNA solution, equivalent to 5 μL plasma, was used. The template RNA were denaturated at 95 °C for 5 min prior to RT-qPCR that was performed using the following conditions: 400 nM primer, 300 nM probe, 400 nM dNTPs, 1.26 mM MgCl~2~, 1:100 RNase Out (Invitrogen) and 1 × ROX reference dye with the following cycle parameters: 30 min at 50 °C, 15 min at 94 °C, 40 cycles of 94 °C/15 s, 54 °C/30 s and 72 °C/15 s in a Mx3005P (Stratagene, La Jolla, CA, USA). The samples were run in duplicate, and a sample was defined as positive if both parallel samples had a Ct \< 35. The primers and probe used targeted PRV gene segment S1: S1Fwd TGCGTCCTGCGTATGGCACC; S1Rev GGCTGGCATGCCCGAATAGCA; S1probe (FAM) ATCACAACGCCTACCT MGBNFQ.

Histopathology
--------------

Slides from the formalin fixed and paraffin embedded heart material collected from Challenge Experiments \# 1 and 2 was stained with hematoxylin-eosin (HE) and evaluated by histopathological examination using conventional light microscopy.

Flow cytometry
--------------

RBC isolated from the cohabitants in Challenge Experiment \# 2 were stained using a polyclonal antibody raised in rabbits against putative PRV outer capsid protein ơ1 (Anti-ơ1, \#K275) \[[@B18]\], running parallel samples for surface and intracellular labeling. All incubations were performed on ice and the corresponding zero serum (Anti-σ1 Zero \#K275) (18) was used as negative control serum. Briefly, cells were plated into 96-well plates at densities of 0.5 × 10^6^ cells per well and washed in staining buffer (PBS + 1% BSA + 0.05% azide). Cells were surface stained with Anti-σ1 (1:10 000) for 30 min and secondary Alexa Fluor 488 conjugated anti-rabbit IgG (Molecular Probes, Eugene, Oregon, USA) (2 mg/mL diluted 1:800) for 30 min using staining buffer in all washes and dilutions. Prior to intracellular staining the cells were fixed and permeabilized by incubation in Cytofix/Cytoperm (Becton Dickinson, San Diego, CA, USA) for 15 min on ice, and the same primary and secondary incubations described above but using Perm/wash (Becton Dickinson) in the dilutions and washing steps. The cells were read on a Gallios Flow Cytometer (Beckman Coulter, Miami, FL, USA) counting 50 000 cells per sample, and the data were analyzed using the Kaluza software (Becton Dickinson). Due to slight variation in the background staining, the flow charts were gated individually, discriminating between negative and positive peaks.

Immunofluorescence microscopy and confocal microscopy
-----------------------------------------------------

Samples of the intracellularly stained RBC were prepared for immunofluorescence and confocal microscopy. The nuclei were stained with propidium iodide (0.5 μg/mL, Molecular Probes) and the cells were mounted to glass slides using Fluoroshield (Sigma-Aldrich, St. Louis, USA) and cover slips. Non-saturated images were captured by a Plan-Apochromat 63/1.4 oil objective in a laser scanning confocal microscope (Zeiss Axiovert 200 M fluorescence inverted microscope, equipped with a LSM 510 laser confocal unit 488 nm argon laser and 546 nm helium/neon laser Z). In addition, samples were stained with propidium iodide as described above and the cell suspension was transferred to Countess chamber slides (Invitrogen). Photographs were taken by an inverted fluorescence microscope (Olympus IX81), at 20 × and 40 × magnification.

Pinacyanol chloride staining of cytoplasmic inclusions
------------------------------------------------------

Blood and isolated RBC from cohabitant fish of challenge \# 2 were collected 8 wpc and used to prepare blood smears for staining with pinacyanol chloride. The staining was performed as previously described by Leek et al. \[[@B26]\]. Briefly; slides were fixed in methanol for 5 min, and subsequently stained in pinacyanol chloride (prepared by mixing 0.25 g pinacyanol chloride (Santa Cruz Biotechnology) in 35 mL ethanol and 15 mL distilled water) for 1 min and washed with tap water for 5 min. Dry slides were mounted (Aquamount) before microscopy. Pictures were captured at 40 × magnification.

Transmission electron microscopy (TEM)
--------------------------------------

RBC isolated from infected fish were fixed overnight at 4 °C in PBS with 1.25% glutaraldehyde and 2% paraformaldehyde, washed twice in PBS, and three times in cacodylate buffer (0.1 M, pH 6.8) The cells were post-fixed with 1% OsO~4~ for 1 h at 4 °C and washed with cacodylate buffer. The cells were then dehydrated through an ethanol series (70, 90, 96 and 100%) and embedded in LR-White resin. Thin sections were cut on an ultra microtome (LEICA EM UC 6). The sections were stained with 4% aqueous uranyl acetate and 1% KMNO~4~ for 10 min, then washed intensively in freshly distilled water. The sections were examined in a FEI MORGAGNI 268, and photographs were recorded using a VELETA camera.

Data analysis
-------------

The Ct-values for PRV in blood were compared with those of the heart, skeletal muscle, spleen and head kidney from the same individual by paired analysis in both Challenge Experiment \# 1 and \# 2, excluding non-infected individuals. The differences were analysed statistically using Wilcoxon matched pairs signed rank test due to the sample size (*n* = 6). At 6 wpc and 12 wpc in Challenge Experiment \# 1 only four and five out of the six sampled fish could be compared respectively. The non-parametric Mann--Whitney test was used when analysing the difference between Ct-values for PRV in blood obtained in Challenge Experiment \# 1 and \# 2. The side scatter data of the negative and high PRV positive erythrocytes obtained by flow cytometry was analyzed for each time-point by Wilcoxon matched pairs signed rank test due to the non-normality of the data. All statistical analysis described were performed with GraphPad Prism (GraphPad Software inc., USA) and *p*-values of *p* ≤ 0.05 were considered as significant.

Results
=======

High PRV load in blood during infection
---------------------------------------

The RT-qPCR results from Experimental Challenge \# 1 revealed a high PRV load in heparinized whole blood samples from the cohabitants. PRV was first detected in blood of cohabitant fish at 6 wpc, and the amount of virus peaked at 8 wpc with a mean Ct-value of 18.6 (± 0.7). High viral loads were present in blood until the end of the study at 14 wpc. The mean Ct-values in blood and those in heart and skeletal muscle, which are the main organs for histopathological changes during HSMI \[[@B3]\], are shown in Figure [1](#F1){ref-type="fig"}A. The relative amounts of virus in blood were significantly higher than those in both heart and skeletal muscle samples at 8, 10 and 14 wpc (*p* \< 0.05) (Figure [1](#F1){ref-type="fig"}B). Compared to the spleen and head kidney, which are the visceral organs known to contain most virus during an infection \[[@B19]\], the amount of PRV in blood exceeded that of spleen and head kidney in the early phases (6 wpc). The relative PRV load in spleen and head kidney increased compared with that in blood during the infection and in the later phase of infection (14 wpc), there were significantly higher viral loads in the spleen (*p* \< 0.05). All Ct-values from Experimental Challenge \# 1 are listed in additional file (Additional file [1](#S1){ref-type="supplementary-material"}). Histopathological changes in the heart consistent with an HSMI diagnosis were first observed at 10 wpc in three out of six fish (data not shown).

![**High PRV load in blood detected in Experimental Challenge \# 1. (A)** Detection of PRV by RT-qPCR in Challenge Experiment \# 1 presented by mean (and SD) Ct-values in blood, heart and skeletal muscle (SM) (*n* = 6). **(B)** Paired analysis of the PRV Ct-value detected in blood compared with samples from heart, skeletal muscle (SM), spleen, head kidney (HK) of the same fish. The results are presented as the mean Ct-value difference at each time point. Data were analyzed using Wilcoxon matched pairs signed rank test. \**p* \< 0.05.](1297-9716-45-35-1){#F1}

Blood cell pellet is a highly effective challenge material
----------------------------------------------------------

A blood cell pellet prepared from Experimental Challenge \# 1 was used as inoculum in shedder fish in Experimental Challenge \# 2, and, again, high viral loads were detected in blood in the cohabitants (Figure [2](#F2){ref-type="fig"}A). PRV was first detected in three out of six fish at 4 wpc (i.e., two weeks earlier than in Experimental Challenge \# 1), and at 5 wpc all cohabitant fish sampled were PRV-positive by RT-qPCR. The maximum viral load in blood occurred two weeks earlier than in Experimental Challenge \# 1, and plateaued at 6 wpc, with a mean Ct-value of 16.5 (± 0.7). This is significantly higher than the viral loads at the same time point in Experimental Challenge \# 1 (*p* \< 0.05). The spleen was used as a reference organ for viral load during PRV infection. PRV loads of blood were significantly higher compared with that of the spleen in the early phases of the infection (5--7 wpc) (*p* \< 0.05) and shifting to significantly lower levels at 8 wpc (*p* \< 0.05) (Figure [2](#F2){ref-type="fig"}B). Histopathological changes in heart and skeletal muscle consistent with an HSMI diagnosis were first observed at 7 wpc in Experimental Challenge \# 2 in four out of six fish (Figure [2](#F2){ref-type="fig"}C). At 8 wpc, heart lesions were detected in all fish sampled, showing massive epicarditis and infiltration of lymphocytic cells in the compact and spongy myocardium layer of the ventricle.

![**High PRV load in RBC detected in Experimental Challenge \# 2. (A)** Detection of PRV by RT-qPCR in Challenge Experiment \# 2 presented by mean (and SD) Ct-values for blood, RBC and spleen. The PCR results from the plasma are shown separately on the right, as the RNA input from the cell free plasma is not directly comparable to the other sample material analyzed. **(B)** Paired analysis of the PRV Ct-value detected in blood compared with spleen from the same fish, presented as mean Ct-value difference at each time point. Data were analyzed using Wilcoxon matched pairs signed rank test. \**p* \< 0.05. **(C)** Histopathological changes in the ventricle of the heart at 7 weeks post challenge (wpc) (left) consistent with HSMI, including epicarditis (arrowhead) and inflammation of the compactum myocardium layer (arrow). For comparison a ventricle without inflammatory changes (sampled at 0 wpc), is shown to the right.](1297-9716-45-35-2){#F2}

High PRV loads in RBC
---------------------

PRV was first detected in RBC from cohabitants in Experimental Challenge \# 2 by RT-qPCR at 4 wpc and plateaued at about 6 to 7 wpc (18.5 ± 2.9 and 17.5 ± 2.9 respectively), thus following the same pattern observed in blood (Figure [2](#F2){ref-type="fig"}A). Plasma also contained a substantial amount of virus, partly explaining the slightly higher level of virus in whole blood compared with RBC. All Ct-values from Experimental Challenge \# 2 are listed in additional file (Additional file [2](#S2){ref-type="supplementary-material"}).

High numbers of PRV-positive RBC detected by flow cytometry
-----------------------------------------------------------

The isolated RBC from Experimental Challenge \# 2 were gated according to size and granularity to include only intact cells (Figure [3](#F3){ref-type="fig"}A). Samples from 0 wpc were used as negative controls, providing the background fluorescence signal from PRV-negative samples (Figure [3](#F3){ref-type="fig"}B). A PRV-positive erythrocyte population was first observed in two out of six individuals (F55, F56) at 5 wpc, as seen by a peak in fluorescence signal for both intracellular and surface staining. The majority of virus protein was detected intracellularly and a large, distinct population of PRV-positive RBC (up to 43% of cells PRV-positive in F56) could be observed (Figure [3](#F3){ref-type="fig"}C). As shown by RT-qPCR of RBC, the individual fish that were PRV-positive also contained distinctly higher viral loads compared with the rest of the group (Table [1](#T1){ref-type="table"}). PRV was also detected on the surfaces of a small number of RBC of the same individuals. The surface staining data from Experimental Challenge \# 2 is shown in additional file (Additional file [3](#S3){ref-type="supplementary-material"}).

![**PRV-positive RBC detected by flow cytometry.** Detection of PRV protein in isolated RBC from Experimental Challenge \# 2 by flow cytometry. **(A)** Density plot showing the gating strategy for intracellular staining. FS, forward scatter; SS, side scatter. **(B)** Negative control from 0 weeks post challenge (wpc) for intracellular staining, representing the background fluorescence. **(C)** Flow cytometry result from the intracellular staining at 5, 7 and 8 wpc. 50 000 cells were counted for each sample. Individual F75 was excluded due to technical difficulties. **(D)** Plots of side scatter (SS) and fluorescence intensity (PRV ơ1) from 0, 5, 7 and 8 wpc. PRV negative (-), low positive (+) and high positive (++) population are indicated at 7 and 8 wpc.](1297-9716-45-35-3){#F3}

###### 

Ct-values of PRV in RBC from Challenge \# 2

   **PRV Ct-value (RBC)**                                                              
  ------------------------ ----------- ----------- ----------- ----------- ----------- -----------
         *F01-F06*          *F31-F36*   *F41-F46*   *F51-F56*   *F61-F66*   *F71-F76*   *F81-F86*
           No Ct              No Ct       No Ct       28.2        17.8        16.8        15.7
           No Ct              No Ct       No Ct       25.1        23.9        15.5        17.5
           No Ct              No Ct       No Ct       29.1        16.8        15.9        16.5
           No Ct              No Ct       No Ct       27.1        16.1        23.2        18.1
           No Ct              No Ct       No Ct       19.0        16.8        17.5        17.9
           No Ct              No Ct       26.9        19.3        19.5        17.9        17.8

RT-qPCR Ct-values of PRV in RBC from individual fish of Experimental Challenge \# 2 at 0 and 3--8 weeks post challenge (wpc). Unique identifiers for the six individual fish sampled at each time point are included (Ex. F01-F06 at 0 wpc) counting from the top down of each column.

At 7 wpc, PRV-positive erythrocytes from Experimental Challenge \# 2 were observed in four out of five individual fish and a considerable proportion of isolated RBC (25 - 51%) were PRV-positive (Figure [3](#F3){ref-type="fig"}C). The majority of the virus was found intracellularly. In contrast with the 5 wpc samples, the PRV-positive cells at 7 wpc could be divided into two separate populations, showing low PRV-positive and high PRV-positive staining. The low PRV-positive population was comparable in intensity to the single PRV population detected at 5 wpc, indicating a development of cells containing high PRV levels over time (Figure [3](#F3){ref-type="fig"}C). At 8 wpc, high numbers of PRV-positive RBC were detected by intracellular staining in all six individuals. However, at 8 WPC the cells no longer clearly formed two populations of low and high PRV-positive staining.

The results from the flow cytometry analysis correlated with the RT-qPCR results, as individual fish with Ct-values below 20 were consistently detected as positive by flow cytometry (Figure [3](#F3){ref-type="fig"}C, Table [1](#T1){ref-type="table"}). Samples with Ct-values above 20 appeared to be below the sensitivity threshold of the flow cytometry analysis, exemplified by F74 at 7 wpc (Figure [3](#F3){ref-type="fig"}C). At 4 wpc all the RBC samples had Ct-values above 20, producing only a background signal by flow cytometry; at 8 wpc, all samples had Ct-values below 20 and were positive by flow cytometry (Figure [3](#F3){ref-type="fig"}C).

Throughout the study PRV-positive cells with high fluorescence intensity tended to show an increased side scatter in flow cytometry (Figure [3](#F3){ref-type="fig"}D). The negative population and high PRV-positive populations were individually gated in each fish, and their mean side scatter was compared using Wilcoxon rank-sum test. The high PRV-positive populations at 7 wpc and 8 wpc had significantly more cells demonstrating higher side scatter properties compared with the negative population (*p* \< 0.05) indicating that highly PRV-positive RBC are more granular.

Viral cytoplasmic inclusions detected in RBC
--------------------------------------------

PRV-positive erythrocytes were identified by immunofluorescence microscopy by granular staining in the cytoplasm (Figure [4](#F4){ref-type="fig"}A). The staining was observed as inclusions that varied in size and number from a few large inclusions to multiple smaller inclusions, or diffuse granular staining throughout the cytoplasm (Figure [4](#F4){ref-type="fig"}B). The morphology of the positive RBC varied from typical mature erythrocytes, with an ellipsoidal shape, to more circular cells. The PRV-positive staining was confirmed to be cytoplasmic by confocal microscopy, and the viral inclusions were primarily detected in the perinuculear region, but also found scattered in the cytoplasm (Figure [4](#F4){ref-type="fig"}C). Small inclusions were also observed in the nucleus in some cells (Figure [4](#F4){ref-type="fig"}C, ii-iv). Cytoplasmic inclusions were also observed in some RBC by phase contrast microscopy, and these inclusions co-localized with the immunofluorescent staining of PRV (Figure [4](#F4){ref-type="fig"}D).

![**Immunofluorescence and confocal microscopy of PRV positive RBC.** Fluorescent labeling of the PRV ơ1-protein in erythrocytes (green). Cell nucleus stained with propidium iodide (red). **(A)** Positive RBC detected by immunofluorescence (IF) microscopy. Labeled cells varied in morphology from elongated mature RBC (arrow) to more spherical cells resembling immature erythrocytes (arrowhead). **(B)** IF microscopy of a negative cell (i) and different staining pattern in the cytoplasm including a few smaller inclusions (ii), scattered granular staining (iii), and large cytoplasmic inclusions (iv). **(C)** Confocal microscopy images showing viral inclusions in the perinuclear region (i-iii) and a more scattered staining pattern (iv). **(D)** Cytoplasmic inclusion detected by phase contrast (i, iv) and IF (ii, v) microscopy, and co-localized by image overlay (iii, vi).](1297-9716-45-35-4){#F4}

Viral inclusions detected by pinacyanol staining
------------------------------------------------

Cytoplasmatic inclusions were detected using pinacyanol chloride staining method observed as single or several small, or single big inclusion(s) were observed (Figure [5](#F5){ref-type="fig"}). Slides stained with pinacyanol chloride were best observed without mounting media as the stain tended to leak into the mounting media.

![**Pinacyanol chloride staining of RBC.** Cytoplasmic inclusions detected in blood smears from PRV positive fish. Both small (arrowhead) and large inclusions (arrow) were observed in cytosol of RBC. Picture were taken at 40 × magnification.](1297-9716-45-35-5){#F5}

Reovirus-like particles observed by TEM
---------------------------------------

The TEM analysis of RBC from infected fish revealed cytoplasmic inclusions (Figure [6](#F6){ref-type="fig"}A), which contained reovirus-like particles (Figure [6](#F6){ref-type="fig"}B). The inclusions varied in content and size from approximately 100--1000 nm. Some of the inclusions consisted only of lamellar structures up to 500 nm (Figure [6](#F6){ref-type="fig"}C). The larger inclusions contained both these lamellar structures and reovirus-like particles (Figure [6](#F6){ref-type="fig"}D), whereas the biggest inclusions contained only viral particles (Figure [6](#F6){ref-type="fig"}E). These differences may represent the various stages of the viral replication cycle. Many of inclusions were enclosed within a membrane-like structure that seemed to be partly or fully intact (Figures [6](#F6){ref-type="fig"}B-E). The viral particles were naked with an outer diameter of approximately 72 nm (Figures [6](#F6){ref-type="fig"}B and E). A more electron dense core, with a diameter of about 30 nm, was visible in many of the particles. These features are consistent with descriptions of other members of the reovirus family.

![**Transmission electron micrographs of infected RBC. A)** Erythrocyte with viral inclusions (arrow). **B)** Inclusions containing reovirus-like particles. **C)** Inclusions with lamellar structure. **D)** Inclusions with a mixture of viral particles and lamellar structures (arrowhead). Some of the inclusions are surrounded by an intact, or partially intact membrane-like structures. **E)** Inclusions containing numerous reovirus-like particles.](1297-9716-45-35-6){#F6}

Discussion
==========

In this study we demonstrate that RBC are major target cells for PRV. RBC contained high levels of PRV protein and RNA as shown by flow cytometry and RT-qPCR respectively. PRV protein was located to cytoplasmic inclusions resembling viral factories as observed by immunofluorescence and confocal microscopy. Finally, these inclusions were shown by TEM to contain reovirus-like particles. All together, these observations show PRV infection of Atlantic salmon erythrocytes.

In Experimental Challenge \# 1, we found that a major part of the PRV load is present in blood and the PRV levels in blood exceeded those of the organs displaying pathological changes i.e. heart and skeletal muscle. Based on these initial results, a blood cell pellet was used as inoculum in Experimental Challenge \# 2, and this generated high loads of PRV in cohabitant fish. Currently there are no in vitro assays to quantify infectious units of PRV. However, the successful transmission of PRV to cohabitant fish after injection of blood cell pellet to the shedder fish, confirmed the presence of infectious virus in blood. The results from RT-qPCR and flow cytometry analysis of Challenge Experimental Challenge \# 2 revealed that the blood borne PRV were mainly present in the erythrocyte fraction.

Immunofluorescence and confocal microscopy demonstrated that PRV condensed into globular structures, localized to the cytoplasm of infected RBC. Furthermore, the flow cytometry analysis showed that highly PRV-positive RBC had a significantly higher side scatter, and were thus more granular than the PRV-negative RBC in an infected individual. Orthoreovirus-infected cells are associated with phase-dense inclusions in the cytoplasm, known as viral factories \[[@B33],[@B34]\]. These viral factories contain large amounts of viral proteins \[[@B34],[@B35]\], dsRNA \[[@B36]\], and partially or fully assembled particles \[[@B34]\], and are considered to be the location where viral RNA replication and packaging, and assembly of progeny particles occurs \[[@B33],[@B37]\]. The inclusions observed in this study appear very similar to those described for orthoreoviruses; more specifically, they resemble the globular viral factories seen in MRV type 3 prototype strain Dearing (T3D) infected cells, rather than the microtubule-associated filamentous factories of the type 1 prototype strain Lang (T1L) \[[@B38],[@B39]\]. The capacity of MRV to form viral factories facilitates successful viral replication \[[@B40]-[@B44]\].

The viral inclusions observed in this study were found by TEM to contain large amounts of reovirus-like particles. The features were similar to those reported for the *Reoviridae* family, with naked virions with an outer diameter of 72 nm and an electron-dense center of 30 nm. Negative- stain EM of MRV has indicated a virion diameter of 73 nm, while the infectious subviral particles (ISVPs) and cores, that are two types of partially uncoated MRV particles, were 64 and 51 nm respectively \[[@B45]\]. The diameters obtained by cryo-EM, in which reduce shrinking artifacts, are 85, 80 and 60 nm for virions, ISVPs and cores respectively \[[@B46],[@B47]\]. If the electron-dense center reported in this study represents the reovirus core, then it is smaller than for MRV. It could, however, represent the centrally condensed RNA genome \[[@B35],[@B48],[@B49]\]. Further studies including gradient ultracentrifugation and negative staining are needed to obtain a more detailed description of the PRV particle.

The inclusions varied in size from 100 to 1000 nm and were often located in the perinuclear region. The content of the inclusions differed, with some filled with reovirus-like particles while others contained a mixture of virus particles and a more homogenous material with lamellar structures. The nature of these lamellar structures was not determined. MRV inclusions have been shown to contain both microtubules and intermediate filaments \[[@B35],[@B50],[@B51]\], and Sharpe et al. have described the intermediate filament, vimentin, being rearranged in reovirus-infected CV-1 cells, both surrounding and incorporating into the viral inclusions \[[@B52]\]. Most of the inclusions detected in our study were encapsulated by a membrane-like structure, whereas in others the membrane seemed to be broken, incomplete, or absent. MRV inclusions are not associated with membranes or other cellular organelles \[[@B34],[@B53],[@B54]\]. Whether the membrane-like structures observed in our study were lipids or proteinaceous in nature was not determined.

There have been a number of reports of viral inclusions in salmonid erythrocytes that have been collectively termed EIBS \[[@B26]\]. No specific viruses have been recognized as causative agents and erythrocytic inclusions assumed to be of viral origin have been observed in salmonid species in both the Atlantic and Pacific, including Atlantic salmon, rainbow trout (*O. mykiss*), Chinook salmon (*O. tshawythscha*) and Coho salmon (*O. kisutch*) \[[@B21],[@B23],[@B55]\]. The PRV particles and inclusions described in our study have a striking resemblance to several of the previously reported viral inclusions described as EIBS \[[@B21]-[@B25],[@B55]\]. Pinacyanol chloride staining has previously been used in identification of EIBS \[[@B26],[@B56]\], and in the present study we observed stained inclusions using this techniques. These earlier reports all describe membrane-bound viral inclusions containing a naked virus of the same size as that of the current study and have been observed in both healthy and diseased fish, the latter with clinical signs including anemia \[[@B25],[@B56]\]. A lamellar structure, as described in our study, was also noted in many of these reports \[[@B22],[@B24],[@B25]\]. Our findings demonstrate that erythrocytes are a major target cell for PRV in Atlantic salmon that can be observed as erythrocytic inclusions. Furthermore, it indicates that PRV is probably associated with at least some of the EIBS previously reported. However, the term EIBS comprise a number of reports from several different salmonid species. The results from the present study should prompt further investigation into the presence of PRV in EIBS infected specimens from both Atlantic and Pacific salmonid species.

Recent studies have concluded that PRV is closely related to the *Orthoreovirus* genus and that it encodes a protein homologous to the MRV ơ1 cell attachment protein \[[@B5],[@B6]\]*.* MRV agglutinate erythrocytes via the ơ1 protein, a binding mediated by a sialic acid binding motif \[[@B27],[@B57]\] that is partly conserved in PRV σ1 \[[@B6]\]. Given the phylogenetic relationship between MRV and PRV, it is interesting to note that virus and erythrocyte interaction is conserved. PRV could serve as an interesting model for investigating phylogenetic relationships in the family *Reoviridae* as it is currently the only known fish virus related to the *Orthoreovirus* genus.

The major function of mammalian erythrocytes is oxygen transport, and mammalian RBC undergo enucleation and loss of organelles before entering circulation \[[@B58]\]. This evolutionary trait benefits their oxygen-carrying capacity and has also made them more resistant to viral infections. Cold-water fish, like Atlantic salmon, have a lower oxygen demand and slower metabolism, and are therefore less dependent on high oxygen transport. An extreme example of low oxygen demand is Antarctic icefish (Channichthyidae) that lack both hemoglobin and erythrocytes \[[@B59],[@B60]\]. Most non-mammalian erythrocytes, including those of fish, are nucleated and contain organelles, and can therefore potentially serve as hosts for viral replication \[[@B61]\]. In this study, more than 50% of the RBC of some individual fish were PRV-infected, as demonstrated by flow cytometry. As the sensitivity of the flow cytometry analysis enabled detection of infected RBC only in those individual fish with RBC RT-qPCR Ct-values of below 20, the prevalence of PRV-infected RBC is probably higher. Considering that RBC are the most abundant cells in blood, by extrapolation, total viral load in an infected fish is substantial.

Although mature erythrocytes in humans cannot support productive viral infections, Colorado tick fever virus (CTFV), a reovirus of the genus *Coltivirus*, has been detected in mature erythrocytes \[[@B62],[@B63]\]. This is thought to be the result of infection of nucleated immature cells rather than of direct entry and replication of CTFV in mature erythrocytes, as CTFV has been shown to replicate in erythroblasts and reticulocytes of infected mice and in human hematopoietic progenitor cells \[[@B64],[@B65]\]. Among the PRV-positive erythrocytes detected by immunofluorescence microscopy variations in cell morphology were observed, with some identified as typical ellipsoidal mature erythrocytes whereas others resembled immature erythrocytes with a more circular cellular shape \[[@B66]\]. In Atlantic salmon farming, factors like reduced oxygen supply and acute anemia stimulate erythropoiesis and would therefore be expected to increase the relative proportion of juvenile cells \[[@B67],[@B68]\]. However, both young and old RBC from rainbow trout have been shown to respond to stress by altered protein production \[[@B31]\]. The spherical RBC observed in this study could be due to stress-induced swelling of RBC \[[@B69]\], and not necessarily indicate immature erythrocytes. Future studies should investigate the replicative potential for PRV in hematopoietic cells.

Several studies have been conducted in order to investigate the significance of PRV infection on the health of farmed Atlantic salmon. PRV has been shown to be the etiological cause of HSMI, as the cardiac viral load correlates with disease development and PRV antigens have been detected in cardiomyocytes, coinciding with the course of the disease \[[@B2],[@B18]\]. However, our study shows that infection of red blood cells is an important feature of PRV infection that is not encompassed by the diagnosis of HSMI. Although HSMI is caused by PRV, the disease should probably be considered as only one possible outcome of a PRV infection. PRV infection of erythrocytes could have broader implications for fish health, irrespective of the presence of heart lesions.

Lesions in the spleen and head kidney are not included in the diagnostic criteria of HSMI. However, these blood-filled organs contain more virus compared to heart and skeletal muscle \[[@B19]\], which was confirmed in this study. A proportion of these high viral loads are likely due to PRV-infected RBC. In addition, both organs are immunologically important for clearance of viral infected circulating cells. Nevertheless, PRV infection in non-RBC cells in the head kidney or spleen should not be excluded. It is also worth noting that head kidney and spleen are the main hematopoietic organs in Atlantic salmon. PRV positive cells resembling leukocytes have been observed by immunohistochemistry on heart sections from HSMI diseased fish, but these cells have not been further characterized \[[@B18]\]. In our study it cannot be excluded that a few leukocytes could have been co-purified along with RBC. However, the number would be very low compared to the massive numbers of infected RBC found in flow cytometry. Double staining using PRV antibody and specific markers for populations of Atlantic salmon leukocytes could be attempted in future studies to identify potential non-RBC target cells.

PRV is ubiquitous in healthy farmed Atlantic salmon, and occurs at lower prevalences in wild Atlantic salmon and brown trout (*Salmo trutta* L.) in Norway, and wild chum salmon (*Oncorhynchus keta*), rainbow trout (*O. mykiss*) and cutthrout trout (*O. clarkii*) in Canada \[[@B7],[@B10]\]. The widespread occurrence of PRV in healthy farmed and wild fish could reflect infection in erythrocytes at levels that do not lead to the heart and skeletal muscle lesions seen in HSMI outbreaks. Field observations indicate that PRV is present in farmed Atlantic salmon long after cessation of an HSMI outbreak \[[@B8]\]. Persistent infection of erythrocytes could explain these findings, as fish erythrocytes are thought to circulate for up to 6 months \[[@B31]\]. It is important to note that the presence of PRV in circulating erythrocytes will influence the amount of virus detected by qPCR screening of any organ, including heart, skeletal muscle, head kidney and spleen. Residual blood containing PRV-positive cells would affect the qPCR results obtained, even if resident cells are not infected.

In conclusion, demonstration of PRV infection of erythrocytes provides new information about HSMI pathogenesis, and establishes PRV as an important factor of viral erythrocytic inclusions.
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###### Additional file 1

**RT-qPCR Ct-values of PRV from Challenge Experiment \# 1.** RTq-PCR Ct-values of PRV in blood, heart, skeletal muscle (SM), spleen and head kidney (HK) from Challenge Experiment \# 1 sampled at 0, 4, 6, 8, 10, 12 and 14 weeks post challenge (wpc). Unique identifiers for the individual fish sampled are included (Ex. F101-F106). The mean Ct-value and standard deviation (Mean (± SD)) for the different tissues are shown in the righthand column. Samples with no Ct-value were assigned the value 35.0 when used in calculation of the mean. Na: Not available.
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###### Additional file 2

**RT-qPCR Ct-values of PRV from Challenge Experiment \# 2.** RTq-PCR Ct-values of PRV in blood, RBC, spleen and plasma from Challenge Experiment \# 2 sampled at 0 and 3--8 weeks post challenge (wpc). Unique identifiers for the individual fish sampled are included (Ex. F01-F06). The mean Ct-value and standard deviation (Mean (± SD)) for the different material are shown in the right-hand column. Samples with no Ct-value were assigned the value 35.0 when used in calculation of the mean.
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###### Additional file 3

**Surface detection of PRV protein in isolated RBC from Challenge Experiment \# 2 by flowcytometry.(A)** Density plot showing the gating strategy for surface staining. FS, forward scatter; SS, side scatter. **(B)** Negative control from 0 weeks post challenge (wpc) for surface staining representing the background fluorescence. **(C)** Flow cytometry results from the surface staining at 5, 7 and 8 wpc. 50 000 cells were counted for each sample. Individual F75 was excluded due to technical difficulties.
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